These data provides the basis for a culture medium whose composition mimics the physiological environment to which early human embryos are exposed.
Introduction
Gamete transport, maturation, fertilization and early embryo development occur within the lumen of the Fallopian tube, yet the composition of tubal fluid, its mechanism of production and how it affects gamete and embryo survival are poorly understood. Culture media used in in-vitro fertilization (IVF) programmes have attempted to mimic this environment, but with limited success, as shown by the high failure rates of even the best IVF centres. Knowledge of tubal fluid formation in health and disease may help to reduce the extent of tubal damage during pelvic inflammatory disease and, in turn, decrease the incidence of tubal defects which currently account for up to 28% of female infertility (Hull et al., 1985) .
Human tubal fluid constituents have been measured by Lippes et al. (1972) , Moghissi (1970) , David et al. (1973) , Shams et al. (1977) , Borland et al. (1980) , Lippes et al. (1981) and Gardner et al. (1996) . Different techniques have been used but have essentially involved either sampling tubal fluid at the time of surgery or chronic collection over 2-8 days, during which time the women were kept in hospital. In some cases, it is doubtful if the fluids collected were physiological and none of the methods enabled the mechanisms underlying tubal fluid formation to be studied.
One approach to resolving these problems involves the technique of vascular perfusion, devised for rabbit oviducts by Leese and Gray (1985) and used for other reproductive organs such as the ovary (Kobayashi et al, 1980) and placenta (Page, 1991) . In this method, an artery serving the tube is cannulated and the vasculature perfused with Medium 199 supplemented with bovine serum albumin and antibiotics. The lumen may be cannulated at the same time, allowing the collection of native oviduct fluid. Using this preparation, Gott et al. (1988) showed that the rate of formation of rabbit oviduct fluid was influenced by the reproductive state of the animal and that fluid production was abolished by the addition of dibutyryl cyclic AMP (db c-AMP) to the vascular medium. This finding was confirmed by Dickens and Leese (1994) , who also found that the adrenergic agonist isoprenaline, added to the vascular medium, stimulated tubal fluid formation, an effect abolished by propranolol.
The vascular perfusion technique was applied to human Fallopian tubes by Dickens et al. (1995) . Tubes (n = 19) were obtained from women attending for hysterectomy and shown to remain viable for up to 90 min of perfusion. Native tubal fluid appeared in the lumen cannula in tubes from patients in the follicular phase of their ovarian cycle. We have now used this technique with a larger series of patients in = 38) to investigate further aspects of the formation and composition of human tubal fluid, specifically, the rate of fluid formation in the proliferative and secretory phases, the response to vascular isoproterenol and dibutyryl cyclic AMP and the composition of the fluid in terms of pyruvate, glucose, lactate and 17 amino acids.
Materials and methods
Fallopian tubes were obtained from women attending for abdominal hysterectomy (n = 38, mean age 39.6 years ± SEM 1.08). Written informed consent was obtained. Blood samples were obtained preoperatively on the day of surgery and serum concentrations of European Society for Human Reproduction and Embryology oestrogen, progesterone, follicle stimulating hormone (FSH) and luteinizing hormone (LH) measured. The cycle day was calculated from the first day of menstrual bleeding as recalled by the patient, and phase of the cycle was confirmed by histological dating of the endometrium from the excised uterus (Noyes et al, 1950) .
The tubal perfusion technique and apparatus were similar to that described by Dickens et al. (1995) . The perfusion medium, consisting of Medium 199, 4% dialysed bovine serum albumin, 4 IU/ml heparin and 50 mg/ml each of penicillin and streptomycin, contained in a water-jacketed vessel maintained at 37°C, was recirculated at a rate of 3 ml/min and oxygenated with 95% 0^5% CO2. At operation, an artery supplying the Fallopian tube was identified and clamped prior to removal of the tube. The clamp served to identify the artery, which was then isolated and a small glass cannula (inner diameter 0.2 mm, outer diameter 0.3 mm) tied into the artery with fine silk ligatures. Perfusion medium was immediately introduced through the cannula via a peristaltic pump and a pressure gauge at a rate of 1 ml/min. The mean time from excision of the tube to commencement of the perfusion was 14.11 min (± 1.15 SEM, n = 38). Successful cannulation of the artery caused blanching of the whole tube when perfusion was started. Venous drainage from the tube was allowed to run to waste. The cannulated tube was placed on a water-jacketed glass dish, the uterine end tied off and a wide-bore collecting cannula (inner diameter 1.6 mm, outer diameter 2.8 mm) secured into the fimbrial end with silk ligatures. The fimbrial cannula was in turn attached to a calibrated tube so that the appearance of tubal fluid could be monitored. In experiments where no fluid appeared in the calibrated tube, an SMI pipette was used to sample the fluid directly from within the tubal lumen.
In experiments involving the addition of adrenergic agents, the perfused tubes were allowed to equilibrate for 30 min prior to the addition of either isoproterenol (1 mM) or 2'-0-dibutyryladenosine 3'5' cyclic monophosphate (db c-AMP) (1 mM) to the vascular perfusate. Isoproterenol was added (n = 19) if, during the 30 min equilibration interval, there was no appearance of tubal fluid, or if the amount was too small to allow a flow rate to be measured. Db c-AMP was added to four perfusions in which a flow was measurable. At the end of the perfusion time (90-120 min), tubal fluid was carefully removed and stored at -70°C prior to analysis. Tubal fluids were analysed for glucose, pyruvate and lactate using ultramicrofluorometric techniques described by Leese and Barton (1984) and Gardner and Leese (1990) . The assays were performed in nanolitresized drops on siliconized microscope slides under mineral oil. Amino acid concentrations were measured as described by Lamb and Leese
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III! mi mi mi mi mi II (1994) . Samples were reacted with o-phthaldialdehyde (ODA) to form fluorescent amino acid derivatives which were detected by high performance liquid chromatography. Samples of endosalpinx from perfused tubes were removed and placed in fixative (4% formaldehyde, 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2) for 1.5 h at room temperature. These samples were used for scanning electron microscopy (SEM) and compared with similar endosalpinx samples taken from the contralateral, non-perfused tubes which acted as controls. Light histological studies of the perfused tubes were also performed following fixation in 1% formaldehyde and embedding in paraffin wax prior to sectioning.
Results are expressed as means ± SEM. Differences between means were compared by Mests. Correlation was calculated using Pearson's r.
Results
A total of 38 experiments was performed. Table I shows the patients' details, reasons for their hysterectomies and the concentrations of glucose, pyruvate and lactate in tubal fluid obtained. Perfusion pressures remained stable for at least 2 h and perfused and non-perfused tissue had a similar appearance under light and scanning electron microscopy (Figures 1 and  2 ). There was no relationship (r = -0.06) between the time taken to cannulate the tubes and the lactate concentration in the tubal fluid formed (Figure 3) .
A total of 17 perfusions yielded sufficient fluid to allow calculation of a rate of fluid production (Table II) . In 10 of these 17 (patients 2, 4, 7, 8, 9, 12, 14, 17, 20 and 21) , fluid was produced 'spontaneously', i.e. without the use of isoproterenol. Mean rate of fluid production was 64.78 ml/h. Nine of these 10 patients were in the proliferative phase; the 10th (patient 2) was in the basal (post-menstrual) phase of the cycle. The addition of isoproterenol to a further seven perfusions led to the appearance of a measurable rate of fluid production (Table II) . Db c-AMP was added to four perfusions (Table II) (7,9,12 and 14) . Unlike the addition of isoproterenol, this led to a decrease in fluid production. Mean rates of fluid flow prior to, and after addition of, db c-AMP were 122.47 ± 14.17 ml/h and 41.77 ± 10.28 ml/h respectively (P < 0.005). In the remaining seven perfusions, tubal fluid was obtained after the addition of isoproterenol. However, the addition of isoproterenol to one perfusion (patient 4) caused a reduction in fluid production. Six of these tubes were in the proliferative or early secretory phases, with one (patient 25) in the secretory phase (day 31).
Of the total of 38 experiments, isoproterenol was added to 19 and the pattern of fluid production is shown in Table III . No tubal fluid was obtained from tubes in the mid-to latesecretory phases of the cycle. The mean rate of flow of tubal fluid after the addition of isoprenaline was 38.12 ± 10.04 ml/h. Seventeen amino acids were identified in native tubal fluid. Table IV shows the mean amino acid concentrations of 10 tubal fluid samples from the proliferative phase, seven from 2454 the secretory phase and their overall means. In both the proliferative and secretory phases, arginine was present at highest concentration, 0.15 ± 0.03 mM and 0.24 ± 0.06 mM respectively. Alanine and glutamate were present at the second and third greatest concentrations respectively. All the amino acids, except asparagine (ASN), were present at higher concentration in the secretory phase. The differences in concentration between the two phases, however, did not reach statistical significance except for glycine (P = 0.05). Overall mean concentrations of arginine, alanine and glutamate were 0.19, 0.11 and 0.09 mM respectively.
The mean concentrations of glucose, pyruvate and lactate were 1.11 ± 0.14, 0.14 ± 0.04 and 5.37 ± 0.53 mM respectively (Table I ). The differences in concentration of the three energy substrates between the proliferative and secretory phases were not significant.
Discussion
We have presented further evidence that the technique of invitro vascular perfusion provides a means of studying human Fallopian tubes in a physiological manner and of defining the environment to which the gametes and early embryo are exposed. On the basis of the maintenance of a steady perfusion pressure, linear rates of tubal fluid secretion and structural appearance post-perfusion, tubes were viable for up to 2 h. This conclusion was reinforced by the absence of any relationship between the time taken to cannulate the tubal artery and the subsequent concentration of lactate (a possible marker of tubal anoxia) in the fluid formed (Figure 3) . Luminal fluid appeared in tubes removed during the proliferative and early secretory phases, in agreement with the findings of Dickens et al. (1995) . Isoproterenol added to the vascular perfusate stimulated tubal fluid production while db c-AMP had an inhibitory effect; both responses being similar to those reported for rabbit oviducts (Gott et al., 1988; Dickens and Leese, 1994) . As regards their biochemical significance, these findings remain paradoxical, since isoproterenol is considered to act via the generation of c-AMP. We suggest that c-AMP generated in response to isoproterenol occupies a different compartment in the tissue than that added exogenously. However, not all the tubes in the proliferative phase responded to isoproterenol and in the case of one patient, there was a slight decrease in tubal fluid production. This could be that as the tube was already producing fluid, possibly at its maximum rate, it could not be stimulated to increase its production further. A low, continuous level of fluid secretion is likely to be essential in maintaining the endosalpinx in a viable state and ensuring tubal patency. This fluid output could, in part, be mediated via the sympathetic nervous system, as is the case for the intestine (Cooke, 1994) and airways (Barnes, 1992) . If the secretory flow is compromised, it is possible that cells/cell debris derived from sperm, bacteria, phagocytes, macrophages etc. would not be cleared from the lumen and could predispose the tube to become blocked.
The discrepancies between cycle day and histological dating of the endometrium may be due to the patient's incorrect recall of the last menstrual period or cycles which are longer or shorter than the normal 28 days. The longer cycle days were all in the late secretory phase.
The concentration of glucose in native tubal fluid (1.1 mM) was higher than that reported by Dickens et al. (1995) (0.5 mM); pyruvate concentrations in the two studies were similar (0.14 and 0.17 mM), while lactate concentration was lower in the present study (5.4 mM versus 8.58 mM). Gardner et al. (1996) sampled the human oviduct and uterine lumen in situ and found that the concentrations of these three nutrients, while generally of the same order as those reported here, varied with the state of the cycle. Of most interest was a fall in tubal lumen glucose concentration, from 3.1 mM in the follicular phase, to 0.5 mM mid-cycle. Taken together, these studies indicate that while the concentration of pyruvate present in most human embryo culture media (~0.3 mM) is reasonably physiological, the concentrations of glucose and lactate used by many (2.78-5.55 mM and >20 mM respectively) are almost certainly non-physiological. All the individual amino acid values were below their concentrations in Medium 199 used as vascular perfusate. This indicates that the overall movement of amino acids from the vasculature into the lumen is by a diffusive mechanism, most likely, carrier-mediated, rather than by active transport. On the basis of the lumen/vascular concentration ratios, the amino acids transported to the greatest extent were: arginine > alanine > glutamate (Figure 4) . The ratio of lumen/vascular arginine concentration was 0.59 and that for alanine and glutamate was 0.4 and 0.2 respectively. The presence of amino acids at higher concentrations in the secretory phase suggests that the tubal epithelium is more permeable to these constituents at a time when they are likely to be required for the nutrition of the early embryo while it is in the tubal lumen.
Apart from contributing to our knowledge of human tubal fluid formation and composition, the data could provide the basis for a novel culture medium whose composition approximates that to which the gametes and early embryos are exposed within the Fallopian tube.
